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Abstract 
The objective of this paper is to provide a state-of-the-art review for the structural application, 
manufacturing, material properties, and modeling of a new material: steel foam. Foamed steel 
includes air voids in the material microstructure and as a result introduces density as a new 
design variable in steel material selection. By controlling density the engineering properties of 
steel components may be altered significantly: improvement in the weight-to-stiffness ratio is 
particularly pronounced, as is the available energy dissipation and thermal resistivity. Full-scale 
applications of steel foams in civil structures have not yet been demonstrated. Therefore, existing 
applications demonstrating either proof-of-concept for steel foam, or full-scale use of aluminum 
foams in situations with clear civil/structural analogs are highlighted. Adoption of steel foam 
relies on the manufacturing method, particularly its cost, and the resulting properties of the steel 
foam. Therefore, published methods for producing steel foam are summarized, along with 
measurements of steel foam structural (modulus, yield stress, etc.) and non-structural (thermal 
conductivity, acoustic absorption, etc.) properties. Finally, existing models for predicting foamed 
steel material properties are summarized to highlight the central role of material density. Taken 
in total the existing research demonstrates the viability of steel foams for use in civil/structural 
applications, while also pointing to areas where further research work is required.  
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1 Introduction 
The properties of structural steel have been largely invariant for well over 100 years. Altering the 
modulus of elasticity has proven to be nearly impossible, and even yield stress, which has seen 
increase in recent years has not changed as much as is commonly thought – the Eads Bridge in 
St. Louis, Missouri was designed and manufactured with 345 MPa (50 ksi) yield stress steel in 
1874. Civil engineering advances and the development of new, higher performance structural 
forms and components are strongly tied to the introduction of new materials. The introduction of 
iron, steel, reinforced and prestressed concrete each allowed engineers to achieve new extremes 
in span and height, and to decrease cost. Many of the material advances of the late 20th and early 
21st century have not, however, propagated to civil engineering. 
Metal foam materials present a unique opportunity for adoption in civil engineering applications. 
The base metals (aluminum, steel, etc.) are well understood and in many cases readily modeled 
with a high degree of accuracy. Foaming the metal, i.e. introducing voids in the microstructure, 
decreases the density (ρ) and increases the apparent thickness. If designed with care, the 
resulting foamed component can have higher plate bending stiffness (!Et3) and weigh less than 
solid steel. In addition, the resulting component generally has a greatly increased energy 
dissipation capability and improved vibration, thermal, and acoustical properties. A steel 
engineer working with steel foam has a new degree of freedom: density (ρ). The design space 
potentially covered by steel applications can grow immensely with density as a variable. 
Applications may at first be highly specialized, but as material production volume increases, and 
costs decrease, widespread adoption of steel foams becomes possible. 
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Full-scale civil engineering applications for steel foam have not yet been demonstrated, so 
Section 2 describes applications of steel and aluminum foams in the mechanical, automotive, and 
aerospace domains that have clear analogs in civil engineering. Section 3 covers the most 
significant work to date, which has focused on developing manufacturing processes for steel 
foam. Commercial availability of aluminum foam at reasonable cost supports the potential 
industrialization of steel foam manufacturing. In Section 4, published measurements of the 
material properties (structural and non-structural) of steel foams are aggregated to show that the 
range of achievable properties is large and desirable. Section 5 explores models used to connect 
the material microstructure to the macroscopic material properties. Section 5 also covers the 
basics of steel foam plasticity modeling, necessary for advanced collapse analysis models of 
members and structures with steel foam components. Finally, research needs are identified in 
Section 6 and the paper ends, with conclusions, in Section 7. 
2 Potential Applications in Civil Engineering 
The ability to foam steel affords potential advantages (structural and non-structural) over solid 
steel that have been utilized in existing design applications: 
Structural advantages 
• Minimize weight 
• Maximize stiffness (particularly bending) 
• Increase energy dissipation 
• Increase mechanical damping 
• Tune vibration frequency 
Non-structural advantages 
• Decrease thermal conductivity 
• Improve acoustical performance 
• Provide air/fluid transport within material 
• Electromagnetic and radiation shielding 
• Joining thermally dissimilar materials 
Compared to aluminum foams, for example, steel foam applications are at their beginning stage. 
While fundamental advantages for using steel instead of aluminum as a base metal are clear (e.g., 
higher initial E and Fy) manufacturing has been more challenging. Nevertheless, steel foam bars, 
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rods, foam core sandwich plates, and foam filled tubes have been created and tested at laboratory 
scale (order 300 mm long and 50 mm diameter) [1]. The foundational work of [1] provides 
proof-of-concept for the manufacture of steel foam components similar to those used in existing 
aluminum foam applications. Existing aluminum foam applications have been summarized 
according to how the advantage of foaming has been exercised in the design application, with 
structural/mechanical advantages detailed in Table 1, and nonstructural advantages in Table 2. 
2.1 Structural Applications for metallic foams 
Example structural applications for metallic foams, utilizing benefits in weight, stiffness, energy 
dissipation, mechanical damping, and vibration frequency are summarized in Table 1. Existing 
applications are largely in the mechanical, aerospace, and automotive domains. For each 
application, therefore, the potential impact on civil engineering is also detailed in Table 1.  
Steel foams exhibit excellent stiffness-to-weight ratios when loaded in flexure [7]. In particular, 
foam panels have higher bending stiffness than solid steel sheets of the same weight [2]. 
Therefore, the majority of existing structural applications seek to either minimize weight given 
stiffness constraints, or maximize stiffness given weight constraints (see Table 1). For example, a 
manufactured 16 mm sandwich panel (1 mm steel faces with 14 mm metal foam core) has 
comparable bending stiffness to a solid steel plate 10 mm thick, but at only 35% of the weight 
[4]. Further, a parking garage floor slab utilizing steel mesh reinforced metal foam floor slabs 
was proposed and full-scale load tests conducted [3] (see Table 1). The design met standard 
strength and serviceability requirements, including deflection and strength under localized 
loading, and the use of the metal foam sandwich panels reduced the weight of the floors by 75% 
in comparison to traditional reinforced concrete decks. 
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Table 1 Example structural applications/advantages for metal foams 
 Improved characteristics explored  
in the given application 
  
Prototype/In-Production Applications: 
W 
weight 
K 
stiff. 
En 
energy 
c 
damp. 
f 
freq. Importance to civil engineering Ref. 
  
steel foam bars, rods, sandwich plates  
X X X   
Proof-of-concept, 
demonstrates steel foam bars, 
rods, sandwich plates, foam 
filled tubes can all be 
produced; demonstrates 
essentially all aluminum foam 
applications could be extended 
to steel foam. 
[1] 
 
wall/floor foam sandwich panels 
X X    
Mass production of metal foam 
panels is possible. Great 
variety of bending stiffness-to-
weight regimes opened up by 
this possibility. 
[2] 
  
balcony platform, parking floor slab 
X X    
Metal foam panels may take 
significant, even localized, 
loads, thus appropriate for 
floor slab, even heavily loaded 
parking garage (as load 
redistributes adequately). 
[3] 
 
crane lifting arm and support 
X X    
Metal foam beams can be 
produced that support 
high/typical structural loads 
and fatigue is not a unique 
problem as crane arms were 
fatigue tested.  
[2] 
   
fabrication equipment  
 X  X X 
Metal foam panels can be 
tuned for desired vibration 
characteristics, could, e.g., be 
very important for high-speed 
rail applications.  
[4] 
 
Ariane 5 rocket cone prototype  
X X   X 
Shell structures possible with 
metal foams, tight dynamic 
performance constraints can 
be met. Metal foam explicitly 
cheaper than traditional 
sandwich panel in this case. 
[2] 
 
Race car crash absorber  
  X   
Kinetic energy dissipation is 
one of the main strengths of 
metal foams. Load transfer to 
the support limited by the foam 
yield. Slower deceleration 
reduces dynamic effects and 
enhances driver’s safety. 
[5,6] 
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Minimizing weight can have surprising benefits. The rigid body dynamics of a crane arm dictates 
that the mass of the arm controls the maximum lift. A crane arm with the same stiffness but less 
weight can lift more with the same ballast. With this basic principle in mind a metal foam lifting 
arm, weighing 50% less than its solid steel counterpart was created [2]. The crane is in 
production (60-100 units a year) and successfully underwent high cycle fatigue testing; thus 
demonstrating that heavily loaded beams under fatigue loading are possible with metal foams. 
Additional mechanical examples provided in Table 1 include improvements in fabrication 
equipment [4] and the cone of a prototype rocket [2] that explore the structural benefits of 
increasing mechanical damping, and tuning the vibration frequency of components.  
 
Figure 1: Typical stress-strain curve for metal foams in compression 
In compression steel foams display a stress-strain curve similar to that of Figure 1, featuring an 
elastic region, a plateau region in which the voids begin plastic deformation, and a densification 
region in which cell walls come into contact with one another and compressive resistance rapidly 
increases. The potential for significant energy dissipation in compression is a target for many 
existing applications. Energy dissipation via large compressive deformations at low, constant 
stress levels have been used in the automotive industry for crash protection [5]. The yield stress 
of the foam is designed such that it does not substantially change the load carrying characteristics 
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7 
of the main car frame. Vehicles equipped with foamed elements decelerate over a longer distance 
and period of time thereby reducing accelerations experienced by the vehicle occupants [6]. The 
ability to absorb energy of impact or blast while limiting stress levels is crucial to the design of 
robust hardening systems for civil infrastructure.  
An important structural advantage for metallic foams that has not been demonstrated to date is 
the mitigation of buckling both for rods and plates, and the conversion of limit states from 
unstable buckling modes with little to no energy dissipation to stable modes with crushing and/or 
post-buckling. In addition, applications with high strain rate low-cycle fatigue have not been 
explored. Existing structural advantages demonstrate the potential for steel foam in civil 
applications, but much work remains for these advantages to be realized in practice. 
Table 2 Example non-structural applications/advantages for metal foams 
 Improved characteristics explored in the given 
application 
  
Prototype/In-Production 
Applications: 
αt 
thermal 
F 
fire 
cL 
acoustic 
q 
transport 
h 
shielding Importance to civil engineering Ref. 
Industrial chill forms and  
generic foamed parts X     
Reduced thermal conductivity; 
could help solve thermal 
bridging problem in steel 
applications. 
[4,7] 
Metal-ceramic heat shield 
and biomedical implants  X     
Metal foams allow materials of 
disparate thermal expansion to 
be joined to great benefit. 
[8,9,10] 
Fire retarders X X    
Potential for integral fire 
resistance in steel members. 
Modeling tools advanced in 
this application.  
[11,12] 
Heat exchanger  X   X  
Open cell metal foams allow 
fluid transport, potential 
application for wall to be 
integrated with HVAC. 
[7, 8] 
Sound absorber on bridge, 
in auto exhaust, and 
general use 
  X   
Potential to integrate sound 
absorption and vibration 
frequency control into 
bridge/rail design. 
[7,13,14] 
Electromagnetic shield and  
radiation shield     X 
Potential infrastructure 
applications for shielding 
buried structures, components 
of critical facilities, … 
[15,16] 
2.2 Non-Structural Applications for metallic foams 
Example non-structural applications for metallic foams, utilizing benefits in thermal 
conductivity, fire retardance, acoustics, air and fluid transport, and/or shielding are summarized 
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8 
in Table 2. Existing applications are largely in the mechanical engineering domain; therefore, for 
each application the potential importance to civil engineering is also discussed in Table 2. The 
potential for multifunctional steel foam components (e.g., wall and/or roof panels that have 
superior structural and energy performance) is clear, as is the fact that much work remains. 
3 Steel Foam Manufacturing Processes 
While the previous section has introduced the classes of civil engineering applications in which 
steel foam can be expected to have potential impact, the novelty of steel foam as an engineering 
material, and the unusual, highly porous, microstructure makes knowledge of the manufacturing 
process essential. Significant research has been performed regarding optimal manufacturing 
methods for foams made of metals, such as aluminum, titanium and copper, but steel presents 
unusual challenges, including steel’s high melting point, that require new technology.  
Current methods of steel foam manufacture may create open-celled (permeable voids) or closed-
cell (sealed voids) foams with varying regularity, isotropy, and density. Published methods for 
producing steel foams are summarized in Table 3. Three manufacturing methods are emphasized 
here: powder metallurgy (Section 3.1) because it has already been used successfully to create 
structural scale steel foam prototypes in [1], hollow spheres (Section 3.2) because this method is 
in active commercial production, and Lotus-type (Section 3.3) because this method has high 
potential for continuous casting processes necessary for low cost steel foam production. 
3.1 Powder metallurgy 
Originally developed for aluminum foams, the powder metallurgy method was one of the first 
methods to be applied to steel foams and is still one of the two most popular [1]. It produces 
primarily closed-cell foams and is capable of developing highly anisotropic cell morphologies. 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
 
9 
The relative densities possible with this method are among the highest, up to 0.65, making it a 
strong candidate for structural engineering applications that demand that the foam retain a 
relatively high portion of the base material strength. The powder metallurgy method involves 
combining metal powders [17] with a foaming agent [17,18,19,20], compacting the resulting 
mixture, and then sintering the compacted blank at pressures of 900-1000 MPa [17]. The metal is 
brought to the melting point and held there for a period of time depending on the foaming agent 
and desired cell morphology, usually about 15 minutes [17]. The final product may also be heat 
treated to optimize the crystal structure of the base metal. A variation, known as the powder 
space holder method, involves using a simple filler material rather than the foaming agent and 
allows for graded porosity across the material [21]. 
3.2  Hollow spheres 
Giving highly predictable mechanical properties and requiring only minimal heat treatment, the 
hollow spheres method is the second of the two most currently popular techniques for 
manufacturing steel foams [22]. Depending on sphere geometry closed-cell or mixed open- and 
closed-cell morphologies are possible, with relative densities from about 4% to 20% possible. 
The method produces highly predictable material properties as cell (void) size is strictly 
controlled [23]. Hollow sphere processes involve taking pre-manufactured hollow spheres of 
metal and consolidating them using an adhesive matrix, casting in a metal matrix [24], 
compacting through powder metallurgy techniques [25], or sintering the spheres [26]. One 
special variation involves manufacturing the spheres with a blowing agent within and then 
allowing the spheres to expand and sinter into the resultant shapes [27].  
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10 
Table 3: Table of known manufacturing methods for steel foams and their basic characteristics 
Manufacturing Processes for Steel Foam 
Process Micro-structure Primary Variables 
Min 
Density 
Max 
Density 
Cell 
Morph. Morphology Notes Major Advantages Major Disadvantages Ref. 
Powder 
metallurgical 
 
 
Foaming agents 
(e.g. MgCO3, 
CaCO3, SrCO3), 
cooling patterns 
0.04 0.65 Closed 
Anisotropic if not 
annealed for long 
enough, or with some 
mixing methods 
High relative densities 
possible   [18,28] 
Injection 
molding with 
glass balls 
 
Types of glass 
(e.g. IM30K, 
S60HS) 
0.48 0.66 Closed 
Glass holds shape of 
voids, and increases 
brittleness of material 
High relative densities 
possible 
Potential chemical 
reactions with glass; 
some glass can break 
in forming process 
[34] 
Oxide ceramic 
foam precursor 
  
Ceramic / cement 
precursor 
materials 
0.13 0.23 Open 
Polygonal shapes on 
small scales, residues 
of reactions remain 
Foaming at room 
temperatures; complex 
shapes possible; standard 
equipment 
  [30,31] 
Consolidation 
of hollow 
spheres 
 
Sphere 
manufacture, 
sphere 
connections 
0.04 0.21 Either 
Two different cell 
voids: interior of the 
spheres, and spaces 
between spheres 
Very low relative densities 
possible; highly predictable 
and consistent behavior 
High relative densities 
not possible 
[30,23, 
22,25] 
Working and 
sintering of 
bimaterial rods 
  
Types of working 
before sintering, 
filler materials 
0.05 0.95 Open Anisotropy is controllable 
Wide range of relative 
densities possible; 
anisotropies are 
controllable 
  [35] 
Composite PM 
/ hollow 
spheres 
 
Matrix material 
used, casting may 
be done instead of 
PM 
0.32 0.43 Closed 
Powder metallurgical 
region may be foamed 
or a semi-solid matrix 
Behavior is both 
predictable and strong; no 
collapse bands until 
densification 
 [22,25] 
Slip Reaction 
Foam Sintering 
  
Dispersant, 
bubbling agent, 
and relative 
quantities 
0.12 0.41 Open 
Highly variable cell 
diameters are 
produced 
Many optimizable 
manufacturing parameters; 
foaming at room temp. 
  [32] 
Polymer foam 
precursor  
 
Polymer material 
used 0.04 0.11 Open 
Cells take on 
whatever 
characteristics the 
polymer foam had 
Low density open-cell 
structure for filter and 
sound absorption 
applications 
Too weak for most 
structural applications [32] 
Powder space 
holder 
  
Filler material 
used, shapes and 
gradation of 
material 
0.35 0.95 Closed 
Porosity may be 
graded across 
material 
Porosity may be graded 
across a wide range across 
the material 
  [21] 
Lotus-type / 
gasar 
  
Partial pressure of 
gas, which gas to 
use 
0.36 1.00 Closed 
Highly anisotropic but 
aligned cell shapes 
are unavoidable 
Manufacturing by 
continuous production 
techniques; high relative 
densities are possible 
Isotropic cell 
morphologies are not 
possible 
[28,29] 
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3.3 Lotus-type 
The lotus-type manufacturing method, also known as the gasar method, is capable of producing 
high-density foams, ranging from about 35% to 100% relative density with highly anisotropic, 
closed-cell morphology. The lotus-type method features the great advantage that it is readily 
adapted to a continuous casting process [28]. The method also allows for high tensile strength 
and ductility—up to 190 MPa at over 30% strain for a foam of 50% relative density. Lotus-type 
steel foams take advantage of the fact that many gases are more soluble in metals while they are 
in their liquid state than when they are in their solid state. In the case of steel, either hydrogen or 
a hydrogen-helium mixture is diffused into molten steel [29]. As the steel solidifies, the gas 
leaves solution, creating pores within the solid steel body. Two similar methods of performing 
this process continuously have been developed: continuous zone melting and continuous casting 
[28]. In continuous zone melting, one segment of a rod of the base metal is melted in the 
presence of the diffusive gas, and then allowed to re-solidify shortly thereafter. In continuous 
casting, the base metal is kept melted in a crucible in the presence of the gas, and then slowly 
drained and solidified [28]. 
3.4 Other Methods 
As Table 3 shows numerous other methods exist for steel foam manufacture. For instance, 
ceramic [30,31] or polymer [32] precursors may be used to establish the voids. The final steel 
foam will take on the same morphology as the precursor material and relative densities ranging 
from 4% to 23%, depending largely on the precursor, have been realized. Slip reaction foam 
sintering, a method specific to iron-based foams, has also been used successfully in manufacture 
and produces foams of moderate densities, ranging from about 12% to 41% [1, 33]. 
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There are several further methods of steel foam manufacture that have been the subject of at least 
preliminary investigation by material scientists, including injection molding [34] bimaterial rods 
[35], and fibrous foams including truss cores, and sintered fibers. Truss cores involve twisting or 
welding thin fibers into mesoscale trusses of various shapes [36] while fiber sintering involves 
laying out fibers and sintering them together [37]. These fibrous foams have low strength, but 
may work productively as core material in sandwich panels. 
4 Macroscopic Properties 
For engineers, the material manufacturing process is in essence incidental to the material 
properties that are achieved by that manufacturing process. For the manufacturing processes 
described in Section 3 limited tests of the mechanical properties of the resulting steel foams have 
been performed and are summarized in Table 4. The extent of available results varies greatly 
between manufacturing methods. Powder metallurgy and hollow sphere foams have by far the 
most results in the published literature. Other manufacturing methods are typically limited to 
only a single research group. 
4.1 Experimentally measured structural properties 
Experimentally measured structural properties are summarized in Table 4. It is implicitly 
assumed throughout the literature that foams of a given base material and relative density will 
behave the same [38]; however, as Table 4 highlights the material properties depend upon the 
manufacturing method [39], cell size and morphology [40], and sample size tested [41]. For 
example, the lotus-type steel foams have anisotropic voids, resulting in tensile and compressive 
strengths which vary by as much as a factor of two depending on direction [18,42]. 
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Table 4: Table of material properties as extracted from selected publications. 
Material Properties of Steel Foam 
Manufacturing Process Relative Density Base metal 
Comp Yield 
Stress 
(MPa) 
Elastic Mod. 
(MPa) 
U. Tensile 
Stress 
(MPa) 
Min Energy 
Abs (MJ/m3 at 
50% strain) 
Ref 
Casting HS – Al-steel 
composite 0.42 A356+316L 52-58 10000-12000   51 (at 57%) 
[22, 
24] 
Ceramic precursor – 
CaHPO4*2H2O 0.23 
Fe-based 
mixture 29 +/- 7    [30] 
Ceramic precursor – MgO-
NH4H2PO4, LD 0.13 
Fe-based 
mixture 11 +/- 1       [31] 
Ceramic precursor – MgO-
NH4H2PO4, HD 0.21 
Fe-based 
mixture 19 +/- 4    [31] 
Injection molding – S60HS 0.49-0.64 Fe 99.7% 200       [34] 
Injection molding – I30MK 0.47-0.65 Fe 99.7% 200    [34] 
Lotus type – 50% 0.5 304L steel 95   190   [29] 
Lotus type – 62% 0.62 304L steel 115  280  [29] 
Lotus type – 70% 0.7 304L steel 130   330   [29] 
Polymer precursor – 4.3% 0.04 316L steel 1.2 83   [32] 
Polymer precursor – 6.5% 0.065 316L steel 3 196     [32] 
Polymer precursor – 7.6% 0.076 316L steel 4.8 268   [32] 
Polymer precursor – 9.9% 0.099 316L steel 6.1 300     [32] 
PM – MgCO3 foaming 0.4-0.65 
Fe-2.5C 
powder 
30 (par)-300 
(perp)    [18] 
PM – MgCO3 and CaCO3 
foaming 0.53-0.54 
Fe-2.5C 
powder 
40 (5e-5 s-1)-
95 (16 s-1)     50 (4.5E-5 s
-1) [19] 
PM – MgCO3 and SrCO3 
foaming 0.46-0.64 
Fe-2.5C 
powder 
95-320 (pre-
annealed)   45 [20] 
PM – MgCO3 foaming 0.55-0.60 
Fe-2.5C, 
Fe-2.75C, 
Fe-3C 
powders 
50-180       [17] 
PM / HS composite – 
3.7mm, LC steel 0.389 
Fe+.002% 
O,.007% C 30 5600  18.9 (at 54%) [22] 
PM / HS composite – 
1.4mm, LC steel 0.324 
Fe+.002% 
O,.007% C 30-89 5600   41.7 (at 57%) [22] 
PM / HS composite – 
2.0mm, stainless 0.375 316L steel 89 9000-10300  67.8 (at 54%) [22] 
Sintered HS – 2mm dense 0.04 316L steel 0.89 201 1.59   [23] 
Sintered HS – 2mm 
porous 0.04 316L steel 1.27 261 1.63  [23] 
Sintered HS – 4mm dense 0.04 316L steel 1.55 358 2.53   [23] 
Sintered HS – 4mm 
porous 0.04 316L steel 1.5 362 1.95  [23] 
Sintered HS – 4mm dense 0.08 316L steel 3.34 637 5.32   [23] 
Sintered HS – 4mm 
porous 0.08 316L steel 3.05 627 5.06   [23] 
The most common measured mechanical property is the compressive yield strength or plateau 
strength (Figure 1). The plateau strength is usually about 5% higher than the measured yield 
strength [38]. As shown in Table 4, the compressive yield strength of steel foam varies from 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
 
14 
approximately 1 MPa for highly porous foams (<5% density) to 300 MPa for dense samples. At 
about 50% density, steel foam’s compressive strength varies from 100 MPa for typical samples 
to upwards of 300 MPa for highly anisotropic or specially heat-treated samples. Compressive 
yield strength (σc) normalized by the solid steel compressive yield (σc,s) is plotted against elastic 
modulus (Ec) normalized by the solid steel elastic modulus (Ec,s) in Figure 2, and indicates that a 
wide range of stiffness to strength ratios have been achieved with steel foams, again illustrating 
the large material selection space available to designers.  
 
Figures 2a and 2b: Compressive yield strength versus normalized elastic modulus of various types of steel foams. 
Gibson & Ashby’s minimum and maximum values [38] are plotted as solid lines (see Section 5). 
Other mechanical properties: elastic modulus, Poisson’s ratio, ultimate tensile strength, 
densification strain, and energy absorption have been less frequently published. Measured elastic 
modulus values are reported in Table 4 and vary from 200 to 12,000 MPa, but measured values 
for lotus-type foams and other steel foams expected to have high modulus are not available. 
Poisson’s ratio for steel foams is commonly assumed to be the elastic base metal value of 0.3; 
however, for hollow sphere steel foams experiments report ranges from 0 (or even slightly 
negative) to 0.4 [43] and 0.09 to 0.2 [37] depending on the density and manufacturing method.  
Evaluation of the densification strain and energy absorption is possible in most experiments, but 
few values are published. Densification usually occurs at 55-70% strain and measured energy 
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absorption up to 50% strain, range from 40 MJ/m3 to 100 MJ/m3, for densities near 50% 
[19,20,22]. In the few tension tests conducted tensile strengths range from 1 MPa for low-density 
sintered hollow spheres foams, up to and over 300 MPa for the anisotropic lotus-type foam 
parallel to the pore orientation [20,23]. 
4.2 Testing procedures 
Experimentally measured steel foam material properties exhibit significant variability across 
manufacturing methods, research groups, and even within nominally identical specimens [43]. 
Bias in the data exists because of strong correlation between manufacturing type and research 
group, for example only two research teams work on lotus-type manufacturing [47,48]. 
Variability is also due to the lack of standardization in testing. The material science focused 
research to date does not emphasize, nor in many cases explain, the details of testing performed. 
Further, as Table 6 summarizes standardized testing methods are not yet available. 
Table 6: Table of comparable American and international testing standards for metal foams 
Test Similar Standards Standard Is Designed For 
Cell openness ISO 2738 Metal foams ISO 4590, ASTM D6226 Cellular plastics 
Linear dimensions ISO 1923 Cellular plastics 
Density 
ISO 2738 Metal foams 
ISO 845, ASTM D1622 Cellular plastics 
ASTM C271 Sandwich foam core 
Cell size ISO 24003 Metal foams ASTM D3576 Cellular plastics 
Compression 
ISO/DIS 13314(E), DIN 
50134, JIS H7902 Metal foams 
ISO 844, ASTM D1621 Cellular plastics 
Tension ISO 1926, ASTM D1623 Cellular plastics ASTM C1674 Honeycomb ceramics 
Shear ASTM C273, DIN 53295 Sandwich foam core ISO 1922 Cellular plastics 
Shear fatigue ASTM C394 Sandwich foam core 
Compressive creep ISO 7616, ISO 7850 Cellular plastics 
Bending ISO 1209-1 Cellular plastics 
Elastic modulus ISO 1209-2 Cellular plastics 
Poisson’s ratio ASTM D6790 Honeycomb core materials 
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Recently, there has been some effort to begin standardizing testing of metal foams. Japanese and 
German [49] standards for compression testing of metal foams have been accepted, and the 
International Standards Organization (ISO) recently combined these two standards into its own 
international standard for compression testing of metal foams (ISO/DIS 13314, still in draft state 
as of this writing). However, there are no standards that currently exist for tensile, shear, cyclic, 
or other mechanical tests on metal foams. There are analogues in testing of cellular plastics and 
ceramics, as listed in Table 6, or in certain testing procedures for solid metals, but metal foam 
testing procedures must be devised by analogy to these standards.  
4.3 Homogenized models for property determination 
The first and still most widely accepted models for representing the mechanics of metal foams 
are those developed by Gibson and Ashby [38,62] as summarized in Table 8. The expressions 
assume that the primary dependent variable for all foam mechanics is the relative density of the 
foam, all other effects are lumped into a multiplicative coefficient with typical ranges provided 
in Table 8. Selection of the appropriate coefficient must be done with care and the resulting 
expressions are only valid for a small range of relative densities and are 
morphology/manufacturing dependent. Convergence to solid steel values at high relative density 
is not intrinsic to the expressions.  
Table 8: Equations for mechanical properties of metal foams as set by Gibson and Ashby [38] 
Property Open-Cell Foam Closed-Cell Foam 
Elastic modulus E / Es = (0.1-4)·(ρ/ρs)2 E / Es = (0.1-1.0) · [0.5·(ρ/ρs)2 + 0.3·(ρ/ρs)] 
Compressive yield strength σc / σc,s = (0.1-1.0)·(ρ/ρs)3/2 σc / σc,s = (0.1-1.0) · [0.5·(ρ/ρs)2/3 + 0.3·(ρ/ρs)] 
Tensile strength σt = (1.1-1.4) · σc σt = (1.1-1.4) · σc 
Shear modulus G = 3/8 · E G = 3/8 · E 
Densification strain εD = (0.9-1.0) · [1 - 1.4·(ρ/ρs) + 0.4·(ρ/ρs)3] εD = (0.9-1.0) · [1 - 1.4·(ρ/ρs) + 0.4·(ρ/ρs)3] 
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Comparison of the expressions of Table 8 with available experimental data for compressive yield 
stress and Young’s modulus is provided in Figure 3. Basic trends are captured correctly by the 
expressions, but exact agreement is poor. Data outside the “bounds” of the Gibson and Ashby 
expressions include steel foams with unusual anisotropy, special heat treatments, and unusually 
thin-walled hollow spheres. The Gibson and Ashby expressions represent an adequate starting 
point, but other models require investigation.  
 
Figure 3: Comparison of available experimental data with Gibson and Ashby expressions of Table 8. Blue lines 
indicate Gibson & Ashby expressions with leading coefficients equal to minimum, maximum, and middle value.  
Experimental researchers have also developed application specific versions of the Gibson and 
Ashby expressions [38,63,64,65]. Comparison of these expressions with those of Gibson and 
Ashby demonstrate that although all yield different solutions, they remain within the established 
bounds of Gibson and Ashby.  
4.4 Computational models  
Explicit modeling of the steel foam microstructure has been completed by a variety of 
investigators as summarized in Table 7. While nearly all of the studies include plasticity in the 
simulation, only 5 include contact, and none include material fracture; implying that simulation 
of the densification strain and tensile ductility is an underdeveloped area of inquiry. A number of 
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microstructural features are present in manufactured foams, but have not yet been modeled: 
strain hardening in the base metal, the presence of pressure in internal voids, and voids made 
from glass or other materials.  
Table 7: Computational microstructural modeling approaches for metal foams 
Microstructure Representation Nonlinearities Included Behaviors Modeled Ref. 
FCC hollow spheres, simulated 
weld connections None – elastic only 3 imposed stress tensors [52] 
Two 2D circles with weld 
connections 
Power law strain 
hardening, contact 
Damage and 
densification of spheres [53] 
SC hollow spheres, simulated 
weld connections 
Some power law strain 
hard. 
40 imposed stress 
tensors [54] 
Tetrakaidecahedrons tightly-
packed (open cell) Plastic deformation 
Elastic compression and 
plastic damage [50] 
FCC and HCP hollow spheres, 
direct contact 
Contact, plastic 
deformation 
Plastic response in 
compression and tension [55] 
Tetrakaidecahedrons w/ random 
defects 
Large displacements, 
plastic deformation 
Plastic collapse in 
uniaxial compression [51] 
SC, BCC, FCC, and HCP hollow 
spheres Plastic deformation 
Heat transfer, uniaxial 
tension [56] 
SC hollow spheres Non-penetration contact, plastic deformation 
Plastic collapse in 
uniaxial compression [57] 
Composite material with random 
hollow spheres Plastic deformation Uniaxial compression [58] 
FCC hollow spheres Contact, plastic deformation 
Plastic collapse in 
uniaxial compression [59] 
ABC symmetry hollow spheres Plastic deformation Uniaxial compression [60] 
SC, BCC, FCC, and HCP hollow 
spheres Plastic deformation Uniaxial compression [61] 
Random hollow spheres Non-penetration contact, plastic deformation Uniaxial compression [43] 
 
Continuum constitutive models of metallic foams have also been developed [67],[68], improved 
and validated for aluminum foams [69,70], and are available in commercial finite element 
software such as LS-DYNA and ABAQUS. Key features of the developed models are pressure 
dependence in the plastic regime, nonlinear strain hardening, and tensile fracture. Calibration and 
validation to steel foams has not been completed for these models. 
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4.5 Experimentally measured non-structural properties 
A basic summary of tested thermal, acoustic, and permeability properties is provided in Table 5. 
Non-structural properties are directly associated with parameters other than relative density: cell 
morphology for permeability [44], cell size for acoustic absorption [45], and cell wall thickness 
for thermal conductivity [46]. Nevertheless, the primary predictive parameter is still assumed to 
be relative density, and Table 5 is categorized based on the relative density at which the non-
structural properties are measured. 
Table 5: Table of non-mechanical material properties for steel foam, including thermal, acoustic, and permeability. 
Property Minimum @ Density Maximum @ Density Ref. 
Thermal Conductivitya (W/mK) 0.2 0.05 1.2 0.1 [46] 
Acoustic Absorption Coeff @ 500 Hz 0.05 0.12 0.6 0.2 [45] 
Acoustic Absorption Coeff @ 5000 Hz 0.6 0.27 0.99 0.12 [45] 
Permeability (m2 * 10-9) 2 0.14 28 0.1 [44] 
Drag Coefficient (s2/m * 103) 0.3 0.9 2.2 0.14 [44] 
a) solid steel thermal conductivity in the range of 20-50 W/mK 
5 Research Needs  
Existing research demonstrates the viability of steel foam and provides insights on the enormous 
potential of the material. However, important gaps exist in current work, gaps that are 
impediments to increased adoption and demand for steel foams. 
Experimental, analytical, and computational exploration of the regime of high relative density 
foams, a regime that provides improved structural and non-structural properties with the least 
reduction in effective strength and modulus is needed. A number of steel foam mechanical 
properties have not seen sufficient study, including tensile response and low-cycle fatigue, which 
have seen little to no study, and densification strain ultimate stress, and Poisson’s ratio which 
have seen limited study but not in a manner conducive to generalization, nor in sufficient detail. 
Material testing standards are needed to facilitate sharing of the data and to move the industry 
towards common goals, and more clearly stated performance. Joinery of steel foams, both by 
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mechanical fasteners and welding, needs further study. Computational microstructural models 
show great promise for not only better understanding the behavior, but also for extending 
experimental results for homogenization and calibration of continuum plasticity models. 
Microstructural models incorporating uncertainty, more realistic void structures, contact, and 
fracture are needed. Calibration of continuum plasticity models for a manufacturable steel foam 
is needed. Model-based demonstration projects that quantify the benefit of steel foams in specific 
civil engineering design scenarios are needed. Essentially, demonstration candidates for each of 
the structural and non-structural advantages: from weight and stiffness to thermal and acoustic 
need to be completed. Excellent candidates include increased energy absorption through 
mitigating buckling in members, lightweight multi-functional (stiffness, energy, thermal, 
acoustic) wall and floor panels, energy dissipation fuses for seismic design, vibration tuned 
girders for high-speed rail, and other applications. Physical, structural scale demonstration 
models of steel foam are needed, as are examples of joinery methods: welding, bolting, etc. 
Beyond laboratory scale bars and plates, structural scale members, walls, and floors need to be 
produced, tested, and used in actual civil engineering applications. Concomitant with this effort 
model standards are needed for steel foam so that the material may be adopted and used in civil 
engineering design. 
6 Conclusions 
Existing applications of metal foams show that members, panels, and shells all may be produced 
and used in civil engineering applications. Examples of panels (balcony, parking garage slab) 
and members (crane arm) demonstrate that typical civil/structural demands, including strength, 
serviceability, and fatigue, can be met by metal foams; and these demands can be met while also 
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minimizing weight, and potentially increasing energy absorption, as well as a host of non-
structural properties. 
The manufacture of steel foam is now mature in the laboratory setting and is awaiting the proper 
impetus for commercialization. Several methods of manufacture have been developed, with 
powder metallurgy, hollow sphere, and lotus-type proving the most popular and each holding 
certain unique advantages. Relative densities from 4% continuously through to 100% have been 
achieved in both open- and closed-cell foams, some with anisotropic or otherwise unique cell 
morphologies. Some methods have even demonstrated industrial-scale manufacturing potential 
through continuous production processes.  
Material properties of steel foams have shown unique promise in their high energy absorption, 
large range of possible strength to elastic modulus ratios, and high ductility in certain types of 
steel foam. These structural properties may potentially be combined with non-structural 
advantages, such as steel foam’s low thermal conductivity, or high vibration absorption 
capability in the development of new applications for the material.  
Existing analytical models for the homogenization of steel foam provide basic bounds on the 
behavior, and microstructural computational models show promise as a tool to expand 
experimental materials characterization and understanding. Further, continuum level plasticity 
models appropriate for metallic foams have been formulated.  
Steel foam provides a unique opportunity for steel to fill a greater portion of the potential design 
space. Introducing density as a design variable increases designer freedom significantly. Further 
research involving more inclusive material tests, models of foams produced by more 
manufacturing methods, and structural-scale demonstrations of steel foams will fill existing gaps 
in knowledge and allow adoption of its use as a structural material. 
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